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FOREWORD 


A  significant  factor  in  the  development  of  new  technology  is  the  timely 
exchange  of  information  to  highlight  areas  of  progress  and  to  establish  areas 
in  need  of  greater  emphasis  -  in  short,  to  provide  both  program  management  and 
technical  contributors  an  opportunity  to  review  their  work  and  plans  in  the 
context  of  the  reg.uirements  and  constraints  of  the  total  program. 

During  the  past  two  years,  the  Langley  Research  Center  has  made  a  con¬ 
certed  effort  to  support  the  RASA  objectives  for  development  of  a  low-cost 
space  transportation  system  -  the  space  shuttle.  The  Langley  effort  covers  a 
broad  base  of  technology  including  electronics  and  life  support  systems,  but 
its  primary  focus  has  been  in  the  areas  of  Aero thermodynamics.  Configurations, 
and  Flight  Mechanicsj  Structures  and  Materialsj  and  Lynamics  and  Aeroelasticity. 

Thus  it  was  in  the  context  of  the  need  for  a  technology  status  review  and 
our  own  active  involvement  in  the  aforementioned  areas  of  technology  that  the 
Langley  Research  Center  was  pleased  to  host  the  Shuttle  Technology  Conference 
which  culminated  in  this  document.  As  the  reader  will  recognize,  the  develop¬ 
ment  and  presentation  of  this  information  was  largely  achieved  by  veiy  busy 
people  doing  an  additional  job.  Nevertheless,  I  believe  the  results  of  the 
conference  reflect  a  highly  motivated  and  cooperative  effort  on  the  part  of 
industry  and  RASA  centers  to  provide  the  best  information  available  for  techni¬ 
cal  review  and  assessment.  This  effort  is  deeply  appreciated  by  those  of  us 
Involved  in  the  implementation  of  the  conference.  Thus,  to  the  authors,  ses¬ 
sion  chairmen,  and  nimerous  Individuals  involved  in  the  logistic  sipport  of 
this  conference,  I  offer  my  thanks  both  for  your  effort  and  for  your  coopera¬ 
tion,  A  job  well  done.' 


George  W.  Brooks 
General  Chairman 
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Figure  1 


BASIC  INHIBITED  CARBON-CARBON 
MATERIAL  CONCEPT 


LOW  POROSITY 


Many  ccanbinations  of  carbon  filaments,  binder  materials,  and  inhibiting  and  coating  material  and 


INHIBITED  CARBON- 
CARBON  MATERIALS  DEVELOPMENT 

SUBSTRATES  INHIBITORS 
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ON  OXIDES 


Extensive  oxidation  testing  has  been  performed  on  these  various  materials.  To  determine  structural 
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Figure  4 


FLEXURE  DATA  FOR  INHIBITED 
CARBON-CARBON 

SILICONIZED  CARBON 
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Figure  5 
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Figure  6 


STATUS  OF  CARBON-CARBON  DEVELOPMENT 
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Surface  insulation  systems  are  being  developed  for  application  to  the  space  shuttle  by  MDAC  and 
IMSC  under  contract  to  MSC^  and  by  GE*  and  GAG*  under  other  sponsorships.  The  systems  being  developed 
under  MSG  sponsorship  are  both  based  on  a  "rigidized”  fiber  concept  and^  in  this  respect^  are  similar  ' 
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A  summary  of  the  status  of  the  work  on  surface  Insulation  systems  "by  IMSC  and  MDAC  is  indicated  in 
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Figure  9 
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Figure  10 
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Figure  11 
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Figure  15  shows  the  weights^  calculated  from  design  drawings^  of  the  four  types  of  demonstration 
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Figure  15 


TPS  UNIT  AREA  MASS  AS  A  FUNCTION  OF  HEAT 
LOAD,  WITH  POINT  DESIGN  COMPARISONS 
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Figure  16 
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Figure  17 


Both  inhibited  carbon-carbon  systems  and  surface  insulation  systems  have  been  under 
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The  General  Electric  Company's  Re-entry  and  Environmental  Systems  Division  (GE-RESD)  has 
been  developing  and  evaluating  a  series  of  high  insulative  efficiency,  rigidized  fibrous  insulation  materials. 
Thermal  protection  systems  (rPS)based  on  these  materials  are  much  lighter  in  weight  than  those  using  other 
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binders.  Although  REI-Zirconia  would  appear  to  be  the  most  logical  candidate  system  because  of  its 
capability  for  meeting  the  complete  range  of  ejq)ected  surface  temperatures,  other  factors  must  be 
taken  into  consideration.  These  include  cost,  availability  of  raw  materials,  ease  of  manufacture. 


REUSABLE  EXTERNAL  INSULATION  FOR  NR  ORB  ITER 


DESIGN  AND  SYSTEM  REQUIREMENTS 


DESIGN  AND  SYSTEM  REQUIREMENTS 


•  DEFORMATION 


TIME  HISTORIES  OF  AMBIENT  PRESSURE  AND 
TYPICAL  HEAT  FLUX  FOR  NR  ORB  ITER 


S3U3HdSOWiV  ‘3UnSS3Ud 


0  1000  2000  3000  4001 

TIME  FROM  122km  (400KFT)  ALTITUDE  (SECONDS) 


^  < 


>-  S  Qi 

“  I  LU 

=;  o  < 
<  <  ^ 

ill 

s“s 

■e^  Uj  X 

q:  n:  < 
to  ^ 

OO  ^  LU 
0^0 

q;  <  < 
o  5  ^ 

S  ^ 

O  O'  < 

_ I  LU  DQ 

•  •  • 


a: 

Qi 

CO 

< 

a 

< 

o 

l±i 

LU 

a 

LU 

o 

LU 

O 

LU 

s 

M 

ISJ 

LL. 

_ 1 

_ 1 

c 

00 

i 

00 

§ 

o 

o 

< 

1 

1— 

I 

1— 

Q- 

LU 

Q. 

LU 

Q- 

a: 

O 

on 

O 

a: 

o 

LU 

DQ 

Li. 

• 

◄ 

a: 

o 

lZ 

O 

LPV  C 
3  CM 


iZ-  /-n.  =: 

O  tr>  — 


o 

—  >• 

OQ 

:2 

o  o 


S  ^  — 

ci  ZD  < 

S  QO 

$0^0 


<  2: 

^  2 

O  H- 

P< 

=>  Q 
£2  < 

I —  ^ 

^  S 

Q  < 


2 

'— •  o 
<=> 
o 


\  f 
\  ! 


\  ^ 


W/qi  iHOI3M  ilNfl  NOliVinSNI 


(y^/b)i)  iH9l3/V\  ilNfl  NOliVinSNI 


,  kg  /m  sec 


REI  STRAIN  REQUIREMENTS  BASED  ON  BOTH  THERMAL  AND  STRUCTURAL  LOADS 


lO 

o 


CD 

CQ 

Oj 

d 

Q 

OD 

Ph 

H 

T5 

CD 

a 

ci 

4-> 

0 

T5 

0 

XI 

-M 

d 

o 

0 

"d 

0 

a 

0 

73 

0 

U 

ci 

m 

’S 

0 

a 

0 

.Si 

& 

0 

u 

u 

0 

& 

u 

Qi 

o 

d 

oS 

CD 

0 


c3 

O 

d 

.2 

CO 

d 

ci 

0 


0 

o 

o 

0 

x; 

Eh 


0!) 

i-H 

S 

oi 

a 

0 


73 

0 

CQ 

d 

CQ 

^—4 

0 


d 

u 

B 

O 

d 

u 

CQ 

0 

5 


U 

O 

CQ 

73 

5 

o 

d 

b 

CQ 

0 

Oj 

»rH 

d 

o 

0 

Si 


o 

cn 

'S 

.2 

o 

•rH 

<4-1 

0 

O 

O 

0 

5 

fl 

d 

XJ 

4-» 

W 
CQ 
0 
»— I 

u 

o 


73 

0 

cn 

oi 

X 

CQ 

"S 

0 

S 

0 

U 

•iH 

§< 

0 

^4 


4-> 

CQ 

0 

b 

CQ 

CQ 

0 

;h 

a 

a 

o 

o 

■g 

d 

0 

d1 

CQ 

d 

0 

Si 

4-> 

CQ 

o 

Si 

CQ 

lO 

0 

73 

.|H 


a 

.2 

d 

-2 


73 

d 

d 


d 

g- 
0 

0 
u 
d 

CQ 

a 
0 
4-> 

CQ 

>.  jH 

•— I  d 

W 
Pd 

0 
0 
u 

5 


.2 

u 

0 

13 

a 

0 

U 

B 

o 

d 

4-» 

CQ 

"d 

►-4 

w 

CQ 

s 

•p4 

u 

d 

> 

0 

d 

CQ 

d 

CQ 

0 

"S 

0 

U 

0 

J+-I 

id 

T3 

CM 

;-i 

O 

tM 

CQ 

T3 

erf 

O 


erf 

B 

O 

d 

to 

'H 

erf 


I  «t 


0 

5 

Si 

'S 

X 

d 

o 


CQ 

.2 

u 

0 

Irf 

a 

l-H 

w 

P5 

0 

X 

4^ 

d 

0 

X 

73 

0 

U 

•r-l 

& 

0 

u 

0 

erf 

00 


erf 


CQ 

0 

erf 

> 

0 

U 

d 

d1 

erf 

tf4 

I 

o 

4^ 

I 

d 

.p4 

erf 

B 

CQ 


erf 

O 

•p4 

a 


d 

d 

•  rH 
> 

o 

I 


■Sf 

CQ 

0 

73 

erf 

U 

o 

«w 

rji 


'H 

erf 

0 

B 

O 

d 

4-J 

CQ 


0 


X 

a 

o 

o 


73 

0 

CQ 

CQ 

0 

tJ 

CQ 

0 

a 

erf 

.h 

erf 

CQ 

g 

§ 
•1— ( 

"S 

o 

o 

erf 

o 

4-» 

73 

0 

■g 

O 

X 

0 

erf 


CQ 

0 

»p4 

4>J 

U 

0 

& 

u 

a 

0 

^4 

d 

r::i 

erf 

I 

o 

4-> 

d 

*rH 

erf 

B 

CQ 

0 

CQ 

0 

X 


d 

0 

a 

0 

> 

0 

•1-4 

X 

CD 

erf 


X  ^ 

CQ  3:4 


CD 

'g 

O 

u 

a 

0 

pc; 


CQ 

d 

erf 

a 

bJD 

.a 

u 

;4 

erf 

o 

73 

erf 

O 

»— I 

B 

erf 

erf 

u 

B 

CD 

d 

^4 

4<4 

CQ 


03 

H 

u 

0 

4-> 

*r4 

X 

u 

o 

0 

X 

4-> 

g 

CQ 


a 

B 

0 

X 

4-J 

id 

a, 

a 

•p4 

CQ 

X 

erf 

0 

U 

to 

T5 

1 

CQ 


^4 

0 

Irf 

a 

0 

X 


52 


REI  STRAIN  REQUIREMENTS  BASED  ON  BOTH 
THERMAL  AND  STRUCTURAL  LOADS 


53 


Slide  5 


REI-ADHESIVE  INTERFACE  SHEAR  STRESS  REQUIREMENTS 


REI-ADHESIVE  INTERFACE  SHEAR  STRESS  REQUIREMENTS 


ISd  ‘W  HiONHdiS  yV3HS  aBdinOHd 


‘(i)  HlONBdlS  yV3HS  03^1  nQHd 


55 


BOND  SHEAR  STIFFNESS,  G/t,  kN/mVm 


SCANNING  ELECTRON  PHOTOMICROGRAPH  OF  REI- SILICA 


1 


56 


THERMAL  EXPANSION  OF  THE  SILICA  MODIFICATIONS 


THERAAAL  EXPANSION  OF  THE  SILICA  MODIFICATIONS 


GENERAL  TRENDS  IN  SHRINKAGE  AND  CRYSTOBALITE  FORMATION 


C 

o 

l-HI 

d 

OT 

» 

s 


05 


<! 


<x> 
■  > 
d 
XJ 

O 

03 

03 

.a 

o 


0 

CO 

a 

o 

•iH 

03 


03 

.s 

O 

O! 

CD 

•s 

0 

o 

•iH 

•4-J 

o 

u 

.■tt 

> 

0 

T3 

> 

d 

XI 


XJ 

a"  ‘S 

•fH 

u  w 

lO  03 

T3  0 


0 

CJ 

O 

•iH 

03 

S 

0 

o 

CTj 

<4-4 

s 

oJ 

•fH 

0 


CQ 


'O 

ci 

bJ3 

0 

0 


ccJ 

03 

0 

£ 


0 

bH 

ccJ 

•1—4 

u 

x: 

03 

03 


0 

73 

I 

b£) 

ci 

a 


03 

0 

d 

03 

d 

o 

,rH 

03 

•\ 

0 

> 

d 

0 

0 

rt 

O 

•d 

ffi 

d 

• 

•rH 

0 

1 

u 

d 

03 

u 

O 

XJ 

03 

g* 

0 

o 

0 

4-> 

2 

d 

d 

0 

u 

0 

d 

Oh 

0 

H-> 

a 

d 

iJ 

d 

C 


0 

u 

I 

;-i 

0 

Of 

a 

0 


0 
bJD 

„  I 

- 

03 


03 

0 

d 

0 

0 

id 

73 

73 

0 

$-4 

a 

0 


03 

0 

T3 

0 

;h 

O 

Oh 

0 


0 

U 

B 

a 

u 

0 

Oh 

a 

0 


0 

73 

ci 

a 


0 

x> 

§ 

03 


0 

a 


73 

o 

o 

biD 


B 

03 

0 

I— I 

sa 

•pH 

XJ 

73 

0 

§• 

73 

d 

0 

X3 


03 

03 

0 

O 

O 

U 

Oh 

o 

<4-4 

0 

u 

0 

XJ 

Oh 

03 

O 


^  B 


d 

■§ 

d 

0 

5 

d 

u 

0 

a' 

0 


d 

to 

o 

54-4 

O 

03 

fMlH 

0 

> 

0 


0 

p-H 

X2 

B 

Oh 

0 

O 

O 


> 

cS 

XJ 


d 


d  ^ 


'O 

;h 

0 

d 

a 

0 

XJ 


u 

o 

«4-4 


:d 

§ 

m 


60 


GENERAL  TRENDS  IN  SHRINKAGE  AND  CRISTOBALITE 
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SUMMARY  OF  REI  DEVELOPMENT  ACCOMPLISHMENTS 
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EFFECTS  OF  MULTIPLE  REENTRY  ON  CREEP  OF  RENE^  41 

(Slide  3) 

Although  this  presentation  deals  primarily  with  studies  funded  by  NASA  as  part  of  the 
space  shuttle  technology  program,  some  unpublished  results  of  an  in-house  funded  program 
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a  basis  for  design  of  superalloy  heat-shield  panels  which  must  withstand  repeated  reentry 
Previous  estimates  of  the  temperature  or  stress  limits  for  some  materials  may  need  to  be 
revised  downward. 
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TECHNOLOGY  PROGRAM  FOR  Ni-Cr-ThOa  SHEET 

1.  IMPROVE  SHEET  MANUFACTURING  PROCESS 
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currently  being  scaled  up  for  comparison  with  unmodified  TD-NiCr. 
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ARC  JET  OXIDATION  TESTS 
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that  edges  are  uniformly  coated  with  a  sufficiently  thick  coating. 
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In  this  paper,  the  current  state  of  the  art  of  metallic  materials  for  space  shuttle 
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The  selection  of  a  material  for  a  metallic  thermal  protection  system  will  be  governed  by  the  material's 
creep  properties  at  elevated  temperatures.  In  order  to  minimize  the  penalties  due  to  aerodynamic  drag 
and  thermal  heating,  the  successful  material  must  eschibit  a  minimum  amoixnt  of  permanent  creep  deformation. 
Presently,  material  creep  data  are  obtained  under  constant  stress  and  temperature  conditions .  Unfortu¬ 
nately,  these  experiments  yield  no  Information  for  evaluation  of  candidate  material  behavior  voider  cyclic 
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OF  IHE  CREEP  PROBLEM  (FIGURE  Ij 


1 

X 

o 

o 

0) 

03 

t3 

03 

ft 

<D 

q-f 

ft 

U 

0) 

(d 

0 

<D 

rd 

03 

+> 

03 

•H 

0 

'd 

S 

-p 

03 

,Q 

3 

03 

CJ 

0 

O 

cd 

<D 

rH 

t:! 

o 

o 

cd 

H 

o 

c 

r3 

0) 

cd 

o 

ft 

(D 

o 

03 

+5 

<D 

w 

03 

03 

P< 

<! 

I— 1 

•H 

(U 

0 

h 

+5 

§5 

0 

• 

cd 

o 

0) 

-P 

•P 

ft 

•H 

H 

cd 

P 

• 

o 

fH 

0 

0 

w 

•rl 

a 

P 

fl 

-P 

s 

d 

+3 

O 

>> 

H 

3 

0 

•H 

O 

3 

o 

4h 

0 

j::! 

o 

•H 

O 

03 

cd 


ft 

0 

EH 

O 

0 

• 

•H 

w 

rd 

•rH 

0 

fciO 

rH 

Cd 

Cd 

P 

rH 

cd 

0 

ft 

,a 

0 

•p 

0 

U 

03 

o 

0 

4^ 

cd 

03 

O 

•iH 

+3 

TS 

•rH 

•H 

rH 

-P 

0 

iH 

d 

u 

0 

p 

w 

0 

•iH 

rH 

a 

Cd 

+3 

•H 

P 

CJ 

§ 

]H 

0 

0 

X 

0 

0 

-P 

0 

d 

P> 

0 

Cd 

0 

rH 

u 

0 

U 

0 

u 

o 

P> 

o 

Ch 

o 

0 

•p 

(D 

M 

•H 

i 


0) 

•H 

rCl 

CQ 

•p 

c5 

<D 

Lr\ 

<M 

03 

(U 


OJ 

O 


CH 

o 

•H 

-P 

03 

U 

(D 

Ti 

•H 

03 

§ 

O 


•P  OJ 

& 

a 


IfN 

-d- 


00 

rH 


cd 


0) 


44 

m 

o 

•H 

•iH 

ir\ 

03 

«\ 

• 

OJ 

0 

0 

>a 

0 

cd 

cd 

rH 

P 

0 

-P 

Cd 

O 

i3 

0 

0 

P 

•rH 

p 

-P 

Cd 

-P 

>5 

0 

0 

•iH 

ft 

cd 

cd 

•H 

44 

t3 

0 

rP 

0 

O 

P 

P 

'd 

>3 

O 

U 

0 

p 

rH 

T< 

O 

o 

X 

cd 

Cd 

o 

-P 

p 

Td 

rj 

•P 

cd 

-p 

Cd 

cd 

44 

0 

0 

o 

•rH 

0 

0 

0 

p 

rH 

?4 

44 

X 

0 

u 

44 

■P 

0 

rd 

•P 

0 

0 

P 

0 

•H 

p 

-p 

Cd 

P 

> 

ft 

•H 

Cd 

0 

• 

-p 

0 

5P 

rP 

0 

7:1 

TJ 

•iH 

P 

0 

p 

0 

0 

3 

•rH 

0 

0 

> 

•p 

2 

d 

0 

cd 

P 

ft 

>3 

U 

ts 

U 

0 

0 

ft 

0 

rd 

0 

cd 

ft 

S 

u 

P 

•H 

• 

P 

cd 

0 

•iH 

0 

0 

U 

P 

0 

0 

-P 

5P 

H 

ft 

0 

Cd 

O 

P 

cd 

•fH 

P 

-P 

•rH 

•H 

0 

43 

0 

P 

P 

1— 1 

Cd 

0 

U 

cd 

•H 

3 

jd 

n 

•rl 

0 

•P 

cd 

•fH 

Cd 

u 

0 

44 

0 

-P 

P 

0 

>3 

44 

P 

X 

3 

0 

rH 

•fH 

o 

o 

> 

p 

Cd 

o 

0 

0 

•cH 

p 

44 

rP 

0 

Cd 

0 

?4 

O 

-P 

0 

0 

;P 

0 

•iH 

ft 

-P 

t3 

c^» 

fd 

P 

rP 

0 

P 

iH 

g 

u 

Cd 

-P 

0 

44 

d 

0 

rP 

0 

u 

O 

P 

-p 

> 

0 

P 

0 

'd 

cd 

0 

> 

0 

0 

0 

ft 

P 

tjD 

cd 

<-{ 

0 

0 

p 

rP 

X 

d 

•H 

rH 

2 

0 

x> 

cd 

Cd 

Cd 

rP 

+3 

0 

o 

-P 

-P 

+3 

-P 

• 

X 

P 

>3 

+3 

P 

O 

0 

P 

0 

0 

u 

•H 

•H 

P 

•fH 

?4 

u 

0 

d 

0 

0 

cd 

4J 

P 

u 

Hid 

> 

0 

0 

0 

0 

0 

3 

0 

ft 

•iH 

-P 

0 

15 

& 

d 

0 

ft 

rH 

X 

o 

0 

cd 

d 

-p 

Cd 

0 

44 

•ri 

p 

0 

P> 

rH 

•H 

0 

0 

d 

0 

0 

Cd 

Cd 

u 

cd 

x\ 

d 

0 

•iH 

iH 

x> 

Cd 

P 

-P 

rH 

ft 

0 

0 

Cd 

-p 

0 

p 

0 

-P 

4^ 

cd 

0 

•H 

p 

-P 

Cd 

0 

P 

u 

o 

0 

d 

0 

V 

43 

•fH 

0 

0 

n 

O 

43 

44 

0 

•rH 

•rl 

o 

0 

0 

0 

44 

X 

{> 

iH 

•p 

Xi 

44 

2 

0 

•P 

0 

0 

-p 

44 

P, 

u 

ft 

0 

0 

a 

ft 

X 

cd 

p> 

•H 

-P 

0 

cd 

p 

0 

rH 

0 

44 

0 

0 

P 

0 

0 

0 

0 

+3 

g 

2 

44 

x 

o 

p 

X 

0 

44 

•p 

b 

-p 

3 

+3 

0 

U 

cd 

V 

d 

0 

0 

44 

cd 

0 

rH 

p 

P 

0 

P 

44 

-p 

H 

0 

o 

0 

Cd 

n 

p 

•iH 

0 

U 

0 

-P 

cP 

o 

0 

0 

• 

0 

•iH 

0 

•p 

0 

rH 

P 

P> 

0 

0 

•fH 

Cd 

Cd 

3. 

-p 

-P 

p 

0 

•H 

0 

1 — i 

o' 

•H 

•H 

cd 

P 

Cd 

0 

0 

0 

rP 

f4 

0 

0 

0 

0 

0 

•P 

jP 

cd 

X 

X> 

0 

EH 

IS 

> 

EH 

P 

•H 

0 

•“I 


122 


DESCRIPTION  OF  HAIKES-25  PAHELS  (FIGURE  2) 
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Figure  2 


DESIGU  COHSIDERATIOMS  (FIGURE  3) 
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STRAIN  HARDENING  RULE 


A  typical  inelastic  stress  distribution  which  results  from  the  redistribution  of  the  elastic  stresses 
during  each  mission  is  shown  in  figvtre  7.  The  stiffness  and  cross-sectional  properties  of  the  beam  w 
calculated  within  the  analysis  programs  by  idealizing  its  cross  section, as  illustrated  in  figure  7. 
indicated  model  represents  an  eleven-element  approximation  to  one-half  of  a  typical  bead  and  corrugat 
element.  Although  the  analysis  programs  are  capable  of  handling  more  refined  models,  the  preliminary 


INELASTIC  STRESS  DISTRIBUTION  (NO  RESIDUAL  STRESSES) 


Figure  7 
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EFEBCO?  OF  RESIDUAL  STRESSES  ON  CREEP  DEFORMATION  (FIGURE  10 ) 
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HAYNES-25  PANEL  NO.  2:  COMPARISON  OF  ANALYTICAL 
AND  EXPERIMENTAL  RESULTS  @  1800° F  (9820C) 

(IN.)  (GM) 


CREEP  MALYSIS  OF  FMBL  HO,  5A  (FIGURE  11 ) 
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HAiailES-25  MATERIAL  ALLOWABLE  CREEP  STRESS  DATA  (FIGUBE  13) 
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Figure  16 


FimiTE  ELEMENT  CREEP  ANALYSIS  (FIGURE  17 
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Figure  1 
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Another  significant  result  from  these  studies  is  shown  in  figure  4.  The  total  fabrication  cost 
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Tests  are  currently  underway  in  an  arc-heated  wind  tmnel  to  determine  if  the 
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Figure  6 
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estimate  of  refurbishment  labor  results  in  a  factor  of  2  1/2  in  the  estimates  of  the  total  heat  shield  cost. 


THERMAL  PROTECTION  SYSTEM  REFURBISHMENT  COST  ESTIMATES 


179 


Figure  7 


Because  the  cost  of  ablation  material  for  a  single  flight  is  relatively  low^  ablators  could  easily 
be  used  on  the  first  few  flights  without  a  significant  increase  in  total  program  costs. 

Figure  8  shows  the  cumulative  cost  of  the  three  systems  discussed  on  the  previous  figure.  The 
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This  presentation  summarizes  the  results  of  preliminary  efforts  in  the  design  of  an  ablator  leading 
edge  for  the  shuttle  orbiter.  Design  considerations,  refurbishment  concepts,  analysis  and  test  results 
are  discussed  together  with  the  significant  conclusions  reached  during  the  studies. 
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Figure  2 
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BOOSTER  TPS  EVALUATION  PROCESS 
(Figure  1) 
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BOOSTER  TPS  EVALUATION  OPTIONS 
(Figure  2) 
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Figure  4 
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Figure  5 


TPS  APPLICATION  TO  BOOSTER 
(Figure  6) 
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Figure  6 


BOOSTER  TPS  EVALUATION  RESULTS 
(Figure  7) 
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FEATURES  OF  SELECTED  BOOSTER  TPS 
(Figure  8) 
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Figure  8 


was  made  of  the  heat  sink  concept  and  the  more  familiar  and  highly  com- 
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GROUND  RULES 
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Figure  1 


COMPARATIVE  CONCEPTS 
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to  a  waltle  concept  to  avoid  undue  compromise  to  the  cryogenic  insulation*  Unfortunately,  some 
compromise  is  necessary  since  large  support  rings  for  the  orbiter  and  wing  attachments  must  be 
located  inside  the  tank.  Detail  ”A"  illustrates  the  basic  differences  between  the  two  concepts. 
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Figure  2 


HEAT  SINK  REQUIREMENTS 
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lh2  tank  wall  thickness  requirements 
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ANGLE  FROM  BOTTOM  CENTERLINE,  6  (DEG.) 


Perhaps  the  most  important  consideration  affecting  the  assessment  of  the  viability  of  the 
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HEAT  SINK  UNCERTAINTY 
LHo  Tank 
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Figure  4 


ICE  ACCUMULATION  ON  EXPOSED  PROPELLANT  TANKS 
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ICE  ACCUMULATION 
EXPOSED  PROPELLANT  TANKS 
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gen  purge  around  the  propellant  tanks.  The  orbiter  attachment  weight  reflects  the  load  differences 
due  to  the  variation  in  orbiter  offset  from  the  booster  with  and  without  a  TPS.  Item  10,  Remainder 
contains  all  items  not  directly  affected  by  the  TPS  versus  heat  sink  arrangement.  Item  11  is  the 
ice  accumulation  on  the  hydrogen  tank  after  a  two-hour  ground  hold. 


SUMMARY,  HEAT  SINK  VS.  TPS  BOOSTER  WEIGHTS 
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Figure  9 
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(Figure  3) 
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TPS  as  an  example) 
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286 


DISTRIBUTION  LINE  WEIGHT  OPTIMIZATION 


o 


O  Q. 
Uul  ^ 


^  2 

:k:: 


287 


TUBE  OUTSIDE  DIAMETER 


ACTIVE  COOLING  TPS  WEIGHT  OPTIMIZATION 


a^ 

(U 


o 

0 

•H 

X 

X 

-P 

0 

X 

cd 

X 

U 

• 

X 

cd 

u 

0) 

CQ 

0  X 

u 

o 

Qa 

TZi 

■Td 

X 

:  cd 

X 

X 

o 

id 

1 — 1 

X 

>  u 

o5 

0 

d 

0 

d 

u 

•H 

•H 

?- 

^  X 

u 

o 

o 

.. - s 

c 

)  'H 

cd 

X 

CQ 

CQ 

X  CQ 

X 

m 

X 

d 

CQ 

cd 

V _ ✓ 

-P 

1 — 1 

^  o 

X 

1 — I 

(D 

cd 

p 

‘  o 

X 

P 

IS) 

0 

0 

CQ 

bO 

0 

■H 

u 

XI 

0 

•r- 

i  0 

X 

d 

0 

dl 

0 

•H 

•H 

tiO 

o 

UP  cd 

15 

0 

X 

IX 

— N 

Qa 

o5 

rH 

o 

*  CQ 

0 

on 

O 

1 — 1 

•H 

c 

)  0 

0 

X 

o 

Cd 

X 

CQ 

X 

<D 

X! 

-P 

:5 

CQ 

0 

\ 

U 

0 

0 

B 

1  0 

X 

05 

0 

CQ 

B 

!  d 

CQ 

-P 

CQ 

<D 

c3 

rd 

0 

G\  O 

bD 

VO 

U 

0 

0 

0 

1 — 

\  ’iH 

d 

03 

rd 

cd 

X 

X 

•H 

o 

0  X 

rH 

CO 

o 

•H 

1 

o 

0 

U 

0 

o 

X 

cd  X 

0 

O 

\S\ 

X 

0 

o 

bO 

•H 

rH 

0  IS) 

X 

-P 

1 

d 

0  X 

0 

•1:5 

o5 

H 

o 

0  0 

> 

VO 

g 

iH 

PI 

•H 

CQ  X 

•H 

ov 

05 

0 

X 

0  X 

X 

CQ 

0 

cd 

d 

1  Pa 

o 

X 

0 

XI 

X 

!  O 

cd 

d 

O 

•H 

-P 

P 

o 

cd 

•H 

CQ 

1  0 

0 

-P 

Ch 

u 

d 

X 

'  CQ 

CQ 

CO 

o5, 

O 

o 

•H 

X 

•  0 

p 

X 

rH 

q-i 

fd 

cd 

E^ 

-P 

0 

d 

!  R 

o 

CQ 

CQ 

X 

0 

1 

0 

o 

id 

W 

CQ 

X 

X 

1 

X 

o 

•H 

•H 

0 

X 

• 

UP 

0 

sd 

cd 

;  m 

•N 

X 

0 

1 — 1 

1  X 

X 

0 

o 

1 — 1 

P 

!  X 

d 

H 

-P 

-P 

•H 

0 

CQ 

0 

X 

CQ 

•H 

X 

X 

d 

1  o 

0 

-P 

X 

1  ‘iH 

0 

0 

CQ 

p 

rH 

O 

X 

id 

•H 

p 

1 — 1 

P 

X 

w 

0 

o 

X 

p 

cd 

X 

0 

;d 

•H 

o 

0 

X 

> 

p 

•H 

-P 

-P 

u 

•H 

0 

d 

o 

r—j 

cd 

0A 

X 

0 

0 

X 

o 

CQ 

1 — ! 

Pa 

Pa 

o 

d 

Cd 

O 

0 

1 — 1 

d 

o 

o 

CQ 

X 

o 

id 

»N 

X 

H 

•H 

0 

CQ 

•H 

0 

• 

M 

X 

> 

d 

X 

u 

0 

cd 

•H 

0 

q-I 

•H 

X 

o 

X 

1 — 1 

-P 

h 

O 

0 

Id)  X 

X 

P 

O 

p 

d 

X 

0 

o5 

id 

0 

0 

1 — 1 

d 

•H 

o 

X 

> 

• 

cd 

X 

0 

CH 

•H 

0 

0 

a 

-P 

X 

0 

•H 

X 

-p 

CQ 

O 

0 

X 

c^ 

•H 

sd 

o 

X 

o 

d 

X 

p 

X 

CQ 

UP 

0 

X 

EH 

■P) 

j 

X 

1 — 1 

X 

CQ 

X 

X 

X 

CQ 

cd 

0 

V _ ✓ 

X 

0 

• 

0 

w 

0 

O 

0 

CQ 

s 

d 

0 

X 

UP 

•P 

W 

cd 

p 

X 

s 

X 

1 — 1 

> 

0 

CQ 

rH 

0 

c5 

o 

CO 

0 

u 

0 

id 

0 

o 

cn 

X 

oo 

CQ 

cd 

U 

o 

X 

0 

CQ 

1 — i 

cd 

X 

Pa 

O 

o 

0 

d 

CQ 

bO 

0 

u 

o 

CQ 

{> 

cd 

0 

X 

• 

-P 

o 

u 

X 

X 

X 

CO 

o5 

X 

X 

CO 

o 

-P 

s 

0 

fciO 

o 

X 

-4" 

X 

CQ 

1 — 1 

•H 

o5 

X 

X 

(AJ 

X 

0 

d 

o 

CQ 

o 

15 

0 

o 

0 

X 

•H 

<! 

o 

3 

o 

u 

CQ 

H 

Lf^ 

d 

0 

0 

UP 

0 

d 

1 — 1 

1 — i 

0 

CQ 

X 

X 

X 

•H 

cd 

& 

0 

d 

1 

X 

cd 

X 

-p 

X 

•p 

X 

*H 

bO 

0 

cd 

0 

X 

0 

X 

X 

cd 

0 

i 


288 
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LI -1500  HEAT  SHIELD  METAUIC 
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Although  not  shown,  the  weight  penalty  associated  with  the  use  of  a  redundant  cooling  system  is 
1190  kg  (2632  Ih)  for  the  LI-15OO  TPS  and  950  kg  (2C66  lb)  for  the  metallic  TPS. 
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Figure  10 


COMPARISON  OF  ACTIVE  TPS  WEIGHTS 


LOWER  SURFACE  TPS  WEIGHT  COMPARISON 
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SPACE  SHUTTLE  THERMAL  PROTECTION  MATERIALS  AND  SYSTEMS 


ORDER  OF  MAGNITUDE  ASSESSMENT  OF  SIMULATION  REQUIREMENTS 

(Figure  1) 
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Figure  1 


DEPENDENCE  OF  MASS  LOSS  ON  TEST  ENVIRONMENT  OF  TD-NiCr 
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Figure  2 
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Figure  5 
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Figure  13 
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COMPARISON  OF  AMES  TEST  FACILITY  HEATING  PARAMETERS 
WITH  EXPECTED  SHUTTLE  ENVIRONMENTS 
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Figure  14 


RELATIVE  ABLATIVE  AND  THERMAL  PERFORMANCE  OF  TPS  MATERIALS  IN  TURBULENT  FLOW 

(Figure  15 ) 
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This  paper  has  discussed  the  environmental  simulation  testing  and  evaluation  of  shuttle  thermal 
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‘allure  and,  hence,  the  reliability. 
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FACTOR  OF  SAFETY  REQUIREMENTS 
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To  justify  a  safety  factor  as  low  as  1.4  requires  that  very  small  flaws  he  detected.  Relying  on  non¬ 
destructive  inspection  techniques  to  do  this  leaves  me  with  a  rather  uncomfortable  feeling. 


considerations,  it  can  "be  concluded  that: 
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In  view  of  the  uncertainties  inherent  in  the  analysis,  a  conservative  preliminary  design  margin  for 
POGO  prevention  should  be  required  in  both  gain  and  phase.  A  goal  of  12  dB  in  gain  and  30  degrees  in  phase 

is  proposed.  Provisions  for  suppression  devices  (i.e.,  helium-filled  line  accumulators)  should  be  Included 
in  the  basic  Shuttle  design. 


RESPONSE  TO  22  KN  (5000  LBF)  OSCILLATING  FORCE  AT  4.10  Hz 


The  -work  of  preparing  NASA  SP~8057  seems  quite  worthwhile both  from  the  standpoint  of  pooling 
knowledge  and  because  it  has  focused  attention  on  a  vital  aspect  of  Shuttle  technology.  It  is  hoped 
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PAPER  12 


STRUCTURAL  ANALYSIS  AND  AUTOMATED  DESIGN 
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this  one  loading  condition  were  olDtained  in  less  than  two  minutes  CPU  time  on  CDC  equipment,  (Ref.  l) 
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STAGS  RESULTS  FOR  THE  BEHAVIOR  OF  SHUTTLE  STRUCTURE 
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curves  of  axial  load  and  bending  moment  as  a  function  of  X  will  become  horizontal.  With  improvements 

in  the  program  and  refinement  of  the  finite  difference  grid,  it  is  believed  that  realistic  estimates  of 
collapse  load  can  be  obtained. 
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AUTOMATED  STRUCTURAL  OPTIMIZATION  PROGRAM  (ASOP) 
(Grumman  Aerospace  Corporation) 
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IDEALIZED  ORBITER  TANK  STRUCTURE 
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Figure  2 


INTEGRAL  VS.  NON-INTEGRAL  TANKS 
STUDY  METHODOLOGY 
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INTEGRAL  VS.  NON-INTEGRAL  TANKS 
CONFIGURATION  COMPARISON 
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INTEGRAL  VS.  NON-INTEGRAL  TANKS 
Configuration  Comparison 


INTEGRAL  TANKS 
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The  major  structural  weight  increase  from  integral  to  non-integral  tanks  is  the  added  weight  of 
the  lower  body  shell. 


INTEGRAL  vs  NON-INTEGRAL  TANKS 

Weight  Difference 
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TANK  DESIGN  FOR  THE  VEHICLE  CONFIGURATION  STUDIED 


INTEGRAL  VS.  NON-INTEGRAL  TANKS 
SUMMARY 
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COMMON  VS.  SEPARATE  TANK  BULKHEADS 
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aWT  =  WEIGHT  DIFFERENCE  OF  SEPARATE  TANK  BULKHEADS  DESIGN  COMPARED  TO  COMMON  TANK 
BULKHEAD  DESIGN 
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Figure  14 


COMMON  VS.  SEPARATE  TANK  BULKHEADS 
STUDY  CONCLUSIONS 
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figuration  studies  of  the  booster  are  again  addressing  the  question  of  cortinon  vs.  separate  tank  bulkheads 
in  conjunction  with  locating  LOX  aft. 
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COMPARISON  OF  FORMS  OF  INTEGRAL  STIFFENING 
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COMPARISON  OF  FORMS  OF  INTEGRAL  STIFFENING 
KEY  FACTORS  CONSIDERED 
(FIGURE  18) 
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(2)  predominance  of  axial  loading  resulted  in  small  circumferential  variation  in  running  load  and  thus 
minimized  the  advantage  of  varying  axial  stiffener  spacing. 
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Figure  24 


COMPOSITES. vs.  CONVENTIONAL  MATERIALS 
CROSS  SECTIONS  OF  SELECTED  COMPOSITE  MATERIAL  APPLICATIONS 
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Figure  25 
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Figure  26 


COMPOSITES  VS.  CONVENTIONAL  MATERIALS 
POTENTIAL  COST  SAVING  WITH  COMPOSITE  MATERIALS 
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published  data  indicated  small  differences  between  2219  and  2014  for  fracture  strength  and  crack  growth 
rate;  the  major  factor  accounting  for  the  lesser  weight  of  tanks  made  of  2014  is  the  greater  yield 
strength  of  the  material  which  allows  greater  proof  and  operating  stresses. 
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2219  VS.  2014  FOR  MAIN  CRYOGENIC  PROPELLANT  TANK  MATERIAL 
MECHANICAL  PROPERTIES  COMPARISON 
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Figure  33 


2219  VS.  2014  POR  MAIN  CRYOGENIC  PROPELLANT  TANK  MATERIAL 
STRESS  CORROSION  THRESHOLD  VALUES 
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2219  VS.  2014  FOR  MAIN  CRYOGENIC 
PROPELLANT  TANK  MATERIAL 
.m.rpiss  Corrosion  Threshold  Values 
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Figure  34 


2219  VS.  2014  FOR  MAIN  CRYOGENIC  PROPELLANT  TANK  MATERIAL 

PHASE  B  TEST  DATA 
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STUDY  CONCLUSIONS 
(Slide  l4) 
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PAPER  15 


A  milestone  was  reached  in  August  1970  when  the  vertical  fin  was  delivered  to  the 
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final  panel  design  incorporated  shallow  heads  in  the  face  sheet,  a  design  change  which  prevented 
buckling  and  provided  a  configuration  capable  of  sustaining  repeated  thermal  cycles.  The  final 
design  sustained  30  test  cycles  without  failure. 
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PAPER  16 


During  the  conceptual  design  of  phase  B  Space  Shuttle  study,  a  number  of  metallic  and  non 
metallic  heat  shield  designs  are  being  proposed.  Shown  on  Figure  1  are  the  unit  weights  of 
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TEST  ITEM  NO.  1  LH2  TANK  SECTION  (BOOSTER) 
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During  the  material  evaluation  of  HS  188,  previously  recommended  for  an  upper 


d) 

^-1 

u 

d) 

d) 

> 

15 

d) 

1— t 

a* 

d) 

cu 

d) 

o 

u 

c 

o 

cd 

4J 

c 

CO 

*H 

•r4 

CO 

d) 

d) 

m 

cd 

d) 

u 

• 

o 

/-s 

c 

•1^ 

CD 

U 

c 

3 

cc 

£>0 

•H 

PXH 

4J 

WD 

C 

c 

d) 

15 

U 

O 

4-) 

Xi 

CO 

CO 

CO 

u 

T— ^ 

o 

0) 

> 

a> 

X) 

1— 1 

r— 4 

o 

o 

o 

4J 

M-l 

W) 

O 

c 

•H 

CO 

^ — ! 

CO 

o 

o 

rH 

o 

Cd 

(U 

• 

/-N 

■M 

• 

Cd 

u 

o 

d) 

o 

o 

a 

o 

o 

g 

CX5 

o 

<u 

t— ! 

o 

4-i 

CN 

XJ 

• 

(U 

o 

o 

4J 

o 

Cd 

o 

m 

cu 

o 

o^ 

a, 

00 

o 

d) 

<y\ 

1 — I 

u 

u 

KU 

u 

Cd 

o 

d) 

+j 

X 

d) 

4-< 

d) 

u 

Cd 

4-J 

Cd 

4J 

X 

o 

cd 

<u 

•H 

u 

> 

X 

<u 

c 

CD 

B 

CO 

CD 

X 

CO 

4-> 

o 

*1-4 

534 


HS-188  MATERIAL  PROPERTIES  AFTER  TEMP.  CYCLING 

(ROOM  TEMP.  VALUES) 
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Test  fixtures  for  metallic  heat  shield  panel  tests  were  designed  and  built.  Figure 
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Figure  6 


NDI  (Nondestructive  Inspection)  Methods  Development 
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MSFC-SPEC-504.  Delta  Ultrasonic  and  Eddy  Current  Testing  will  also  be  performed  on  the  welds  to 
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complement  the  X-ray  and  penetrant  inspection.  The  delta  ultrasonic  technique  will  detect 
linear  defects  (crack,  oxide  inclusion,  etc.)  as  small  as  0.5  mm  (0.020")  deep  x  0.75  mm 
(0.030")  long  and  the  Eddy  Current  technique  will  detect  surface  cracks  as  small  as  0.025  ; 
(0.001")  deep. 
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typical  LH2  tank  section  of  an  orbiter  stage.  The  load  carrying  tank  structure  has  a  metallic 
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Figure  8 
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Application  of  Advanced  Composites 
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Figure  11 


by  the  epoxy  resin  appears  to  be  the  main  cause  of  strength  degradation  although  other  possibl 
mechanisms  have  not  been  completely  eliminated.  The  water  appears  to  be  acting  mainly  as  a 


550 


PRELIMINARY  LONGITUDINAL  FLEXURAL  STRENGTH 


U) 

UJ 

< 

Z 


o. 


< 

O 

o 


551 


CO 

OJ 

CO 

<U 

•TO 

o 

■P 

CU 

CO 

CO 

u 

O 

O 

•H 

u 

•P 

a 

T3 

KT 

& 

C 

CU 

CU 

*H 

P 

C 

4-» 

CO 

bO 

4-» 

•r^ 

CO 

P 

CO 

X 

CO 

<U 

O 

a 

(U 

0 

-0 

•r4 

c 

H 

T— 1 

CO 

rH 

CO 

OD 

• 

U 

g 

CO 

CU 

O 

!-l 

g 

iJ 

to 

(U 

i-i 

P 

CO 

CO 

^3 

a 

60 

0 

<u 

•P 

•H 

■M 

4J 

•H 

•H 

CO 

C 

T3 

O 

o 

T3 

a 

CO 

g 

u 

o 

o 

o 

HI 

cO 

CO 

0) 

CO 

■M 

CD 

4-J 

a 

J-i 

C 

<u 

CO 

CU 

r-! 

g 

cu 

g 

<u 

CO 

CO 

1--( 

d) 

cu 

<D 

rQ 

t— 4 

u 

rQ 

CO 

CD 

J-I 

bO 

HJ 

JH 

4J 

•H 

U 

0 

U 

CO 

HJ 

CO 

QJ 

P 

& 

4J 

g 

CO 

CO 

o 

o 

0) 

0 

•H 

CO 

4J 

CO 

W) 

CO 

c 

J-I 

•H 

o 

> 

<4-1 

M-l 

CO 

0 

• 

CO 

CO 

CO 

r— 1 

CO 

60 

-u 

CO 

CU 

C 

•H 

0 

•H 

bO 

u 

G 

4J 

•H 

cu 

cu 

■M 

<U 

4J 

p 

•H 

CO 

cu 

44 

g 

4-4 

CM 

XJ 

<U 

"O 

•H 

G 

4-J 

u 

CO 

O 

CO 

<u 

T3 

4J 

CO 

.r-, 

a 

4J 

O 

CO 

60 

G 

U 

4-> 

•H 

•r4 

PL| 

CO 

CU 

0 

15 

•r-n 

4:; 

4J 

CU 

u 

•H 

0 

;5 

■M 

44 

552 


ENGINE  THRUST  BEAM  WEIGHTS 


SHEAR  WEB  BEAM 

TOTAL 

147.5 

324.9 

CVJ 

i—H 

f— 1 
i—H 

o 

CVJ 

186.4 

410.5 

.79 

o 

NO 

• 

o 

• 

r-H 

REACTION 

POSTS 

O 

od 

17.6(Ti) 

2 

O 

od 

17.6 

O 

% 

p-H 

DATA,  ALL  BONDED  DESIGN 

o 

• 

F— f 

FiniNGS 

♦ 

LTk 

h- 

(IDO  *991 

o 

in 

LU 

o 

o 

LU 

O 

o 

CO 

< 

1— 

<c 

o 

>- 

Q^: 

<: 

LU 

75.4 

166.0 

o 

• 

r-H 

O 

• 

P— 1 

THRUST 

POSTS 

ir\ 

t: 

LTk 

• 

o 

vO 

27.5 

60.5 

o 

• 

f-H 

o 

• 

i-H 

WEB  & 
STIFFENERS 

21.6 

47.6 

47.7 

105.0 

0.45 

X 

< 

S 

LU 

o 

r-H 

CAPS 

15.1 

33.2 

0 

L 

27.9 

61.4 

0.56 

CL. 

o 

• 

f— 1 

■ 

■ 

CO 

P 

CO 

lil 

m 

El 

>- 

> 

X 

X 

O 

> 

o 

_ I 

X 

D_ 

Q- 

<c 

o 

LU 

o 

LU 

ct: 

Q. 

LU 

LU 

1— 

Ql 

1 1  1 

LU 

h- 

LU 

•>*— « 

ZD 

ZD 

1— 

ZT. 

wmmm 

z 

■Mi 

< 

o 

Q_ 

o 

Q_ 

< 

< 

q; 

< 

< 

o 

o 

1— 

QQ 

O 

CO 

O 

1— 

553 


u 

•p 

cd 

p 

(U 

d 

0) 

rO 

cO 

p 

bO 

rC 

CO 

p 

•P 

c/a 

T3 

«\ 

oa 

CQ 

(1) 

CO 

P 

CQ 

x> 

0) 

4J 

0) 

P 

*P 

p 

TJ 

• 

O 

o 

CO 

p 

o 

aa 

•H 

P 

•u 

c 

O 

tP 

p 

tO 

p 

P4 

•H 

P 

0) 

0) 

CQ 

o 

CO 

CO 

P 

X 

rCi 

o 

o 

p 

CO 

CQ 

a 

d) 

•P 

d) 

S 

p 

p 

P 

tP 

X 

o 

•H 

P 

P 

p 

o 

P 

P 

r» 

cO 

cd 

CO 

CQ 

p 

p 

!>. 

ctf 

4J 

P 

P 

CQ 

•p 

•H 

P 

to 

0) 

O 

U 

•1-1 

•P 

p 

r-l 

o 

CQ 

•V 

d) 

0) 

c« 

«\ 

•1—) 

(U 

CO 

CQ 

P 

tP 

P 

p 

P 

fi 

O 

0) 

m 

cO 

0 

•H 

15 

o 

P 

4J 

• 

CQ 

o 

O 

p 

CQ 

CQ 

P 

P 

Q) 

Xi 

P 

CQ 

to 

CO 

U 

4J 

CQ 

d) 

•P 

O 

•H 

<u 

P 

CQ 

1 — 1 

4-t 

O 

p 

bO 

<u 

•i-l 

•H 

4J 

0 

P 

4J 

p 

P 

•P 

p 

P 

tP 

B 

P 

0) 

(U 

CO 

•p 

0) 

a 

»o 

p 

P 

•P 

i-:i 

C 

P 

o 

•P 

P 

W) 

>> 

o 

Q* 

0) 

•ri 

B 

<U 

P 

« 

CO 

o 

o 

P 

cO 

p 

<U 

p. 

0) 

u 

P 

S 

(U 

(U 

CQ 

cO 

P 

P 

CO 

p 

• 

o 

• 

•H 

o 

CO 

p 

•p 

CU 

1^ 

0) 

p 

P 

P 

rk 

o 

0) 

p 

a 

15 

CU 

rO 

d) 

OJ 

15 

i-H 

€ 

p 

CQ 

P 

(U 

(U 

CQ 

d) 

fp 

0) 

6 

CO 

B 

P 

o 

u 

CO 

cp 

cd 

P 

cn 

0 

P. 

d) 

P 

tP 

to 

CO 

P 

rO 

1 

•H 

u 

o 

rP 

CQ 

u 

(U 

r-l 

p 

•P 

1 

p 

p 

CO 

CO 

00 

P 

<u 

P 

a 

cu 

P 

vO 

•H 

M-l 

CO 

•p 

X 

O 

1 

P 

CQ 

•P 

in 

•H 

CO 

p 

P 

ip 

•u 

U 

<V 

P 

vO 

0 

CO 

0) 

a 

r-l 

o 

CO 

J3 

P 

d) 

&• 

•p 

00 

CO 

0) 

B 

g 

p 

pp 

OJ 

cw 

•P 

X 

«\ 

M-l 

d) 

CQ 

cd 

g 

•H 

u 

p 

p 

CD 

'p 

4J 

P 

P 

o 

0) 

p 

C/a 

d) 

p 

ri:> 

p 

CQ 

P 

p 

p 

to 

P 

CO 

p 

X) 

#v 

• 

p 

P 

p 

0) 

CO 

6a 

•H 

P 

o 

txO 

P 

CQ 

P 

o 

0) 

P 

P 

CU 

Cd 

u 

j:a 

•H 

•P 

P 

X 

<u 

• 

cd 

4J 

P 

o 

o 

p 

<u 

OJ 

•P 

ra 

p 

cu 

6 

•H 

P 

p 

p 

o 

p 

CO 

cp 

CO 

o 

Cd 

fp 

CO 

P. 

O 

•p 

o 

0) 

cO 

B 

Oi 

CQ 

d) 

p 

•p 

o 

P 

»r4 

P 

CQ 

d) 

p 

(U 

p 

p 

P 

CQ 

P 

rP 

•p 

CO 

CO 

CU 

CU 

• 

rP 

P 

u 

B 

B 

c/a 

d) 

<U 

•r! 

X 

o 

0 

• 

p 

15 

P 

P 

o 

o 

CO 

554 


555 


XI 


556 


CO 

• 

CD 

CO 

rC 

CO 

60 

o 

CD 

c 

CO 

o 

*M 

O 

c 

U 

u 

CD 

U 

cu 

•H 

a, 

CD 

CM 

CO 

CM 

CM 

T3 

c 

•M 

C 

bO 

TJ 

CO 

•H 

CO 

■M 

CO 

(D 

■M 

60 

C 

CD 

O 

c 

•I— » 

CO 

CD 

^4 

CO 

0 

B 

U 

CM 

CD 

u 

CO 

U 

CO 

CD 

CD 

U 

U 

CO 

CO 

•H 

O 

:3 

CD 

•M 

cr 

4J 

CD 

•H 

a 

CO 

•M 

O 

CO 

a 

M 

4J 

e 

CO 

M 

o 

•H 

CO 

o 

rM 

eu 

TD 

CD 

o 

CD 

•H 

■u 

H 

tM 

CJ 

CD 

CO 

r-i 

• 

u 

0) 

VO 

CD 

CO 

t— ^ 

e 

CD 

0 

1 — 1 

U 

0 

M 

a 

60 

o 

60 

‘H 

•M 

C 

Im 

+J 

•H 

•H 

C 

T3 

CO 

o 

TJ 

a. 

CO 

g 

a 

o 

o 

o 

C 

CO 

CO 

CO 

60 

CO 

C 

0 

•P 

•M 

u 

C 

> 

CO 

0 

CO 

B 

CO 

Ck 

0 

l—l 

rM 

■M 

CO 

0 

•M 

60 

T— 4 

•H 

0 

CO 

CD 

4J 

U 

CO 

;3 

B 

p 

o 

CD 

T3 

+J 

U 

U 

O 

CO 

P 

CD 

tj 

CO 

•r-, 

C 

O 

CO 

O 

M 

•iM 

Ph 

CO 

CO 

CO 

X! 

Xi 

M 

•M 

p 

3 

O 

558 


ENGINE  THRUST  BEAM  WEIGHTS 


The  truss  beam,  shown  in  Figure  17,  is  designed  with  Boron/Epoxy  composite.  Tubular 
members  are  fabricated  from  a  multidirectional  layup,  bonded  to  Titanium  end  fittings. 

A  strut  test  program  to  verify  the  selected  design  approved,  is  in  progress  under  contract 
NAS8-26675  with  the  Grumman  Aerospace  Corporation.  Limit  loads,  used  in  the  beam  design. 
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relative  weights  of  Boron/Epoxy  tubes,  Boron/Epoxy  tubes  with  Titanium  fittings 
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22  shovs  the  component  test  sections  being  built  and  tested.  Components  represent 
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COMPONENT  TEST  SECTION 
COMPRESSION  PANEL  (BORON/EPOXY) 

COMPRESSION  STRINGER 
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Figure  22 


A  0.736  X  2.03  m  (29  x  80  in.)  graphite /epoxy  panel  (Figure  23)  has  been  designed, 
panel  consists  of  a  skin,  five  "hat"  section  stringers  and  one  mid-panel  frame.  Laminatei 
1.22  X  0.304  m  (48  x  12  in.)  prepreg  graphite /epoxy  composite  is  used  as  the  primary  load 
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(Fiberite  HY-E1311B  prepreg  tape). 
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A  1.22  m  X  1.56  m  (48  in.  x  61.5  in.)  compression  panel  fabricated  from  Boron /Aluminum 
development  by  McDonnell  Douglas  Corporation,  St.  Louis  (Contract  NAS8-26295),  A 
e  fabrication  process,  eutectic  bonding,  developed  by  MDAC  (patent  pending)  is  used  in 
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The  development  programs  reported  are  well  in  progress  and  results  will  be  available  in 
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BEARINGS j  LUBRI CANTS,  AND  SEALS  FOR  ACTUATORS  AND  MECHANISMS 

by  Robert  L.  Johnson^  William  R.  Loomis, 
and  Lavrence  P.  Ludvig 
NASA  Lewis  Research  Center,  Cleveland,  Ohio 

ABSTRACT 

Lubricated  and  hydraulic  components  for  the  shuttle  vehicle  ■with 
high  temperature  and  vacuum  operating  capabilities  are  under  investiga¬ 
tion.  A  review  of  C -ethers  as  potential  hydraulic  fluids  and  lubricants 
indicates  important  advantages  of  increased  thermal  stability,  high 
bulk  modulus,  high  surface  tension,  and  low  vapor  pressure.  Good  progress 
is  reported  in  resolving  lubricant -coolant  deficiencies  of  the  base 
fluid  by  formulation.  Actuator  rod  seals  with  polyimide  chevron  sealing 
elements  and  molecular  flow  impedance  are  described.  Problems  of  rotating 
shaft  seals  are  discussed  and  the  design  concept  is  presented  of  spiral 
groove  for  liquids  and  helical  groove  molecular  flow  pumping  seals  for 
low  density  vapor.  Vibration  as  well  as  high  temperature  is  suggested 
as  an  airframe  bearing  problem.  Calcium-fluoride  lubricated  porous 
metal  composites  and  mechanical  carbons  are  indicated  to  have  the  advan¬ 
tage  of  good  damping  capacity  in  addition  to  useful  friction  behavior. 
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BEARINGS,  LUBRICANTS,  ANB  SEALS  FOR  AUTUATORS  AND  MECHANISMS 

"by  Robert  L.  Johnson,  William  R.  Loomis, 
and  Lawrence  P.  Ludwig 
NASA  Lewis  Research  Center,  Cleveland,  Ohio 

INTRODUCTION 

Lubrication  problems  in  the  shuttle  vehicle  are  very  much  dependent 
on  mission  and  design  details  that  remain  to  be  defined.  Critical 
problems  for  airframe  bearings  and  hyiraulic  system  components  are  asso¬ 
ciated  with  high  temperatures  as  well  as  with  exposure  to  vacuum.  Much 
consideration  is  being  given  to  thermal  protection  of  the  vehicle  in 
general.  Thermal  protection  of  lubricated  components  and  hydraulics  must 
be  achieved  in  critical  circumstances.  A  reasonable  concept  for  design 
of  such. components,  however,  would  be  to  provide  for  them  to  operate  at 
the  most  extreme  conditions  that  will  give  an  acceptable  confidence 
level  and  thereby  minimize  the  thermal  protection  problem. 

Airframe  bearings  of  aerodynamic  control  surfaces  will  see  very 
high  temperatures  (e.g. ,  to  l600^  F  or  ll44  K)  for  relatively  short 
periods  of  time,  as  well  as  high  loads  and  severe  vibration.  "Acoustic 
vibration''  of  airframe  bearings  has  severely  limited  the  operation  of  one 
large  supersonic  flight  vehicle  so  that  it  is  well  to  provide  damping 
capacity  in  the  bearing  materials  or  designs. 

The  hydraulic  systems  under  consideration  by  potential  contractors 
are  basically  the  so-called  Type  II  aircraft  hydraulic  systems.  Such 
systems  are  intended  to  operate  at  <275^  F  (<^08  K)  and  with  no  considera¬ 
tion  for  vacuum  exposure  or  operation.  There  are  very  pertinent 
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considerations  for  both  rotating  shaft  seals  and  linear  actuator  seals 
as  veil  as  hydraulic  fluids  that  need  greater  attention. 

The  combination  of  operation  at  high  temperatures  in  air  and  more 
nominal  temperatures  in  vacuum  imposes  a  complication  for  lubricated 
components  not  found  in  either  aircraft  or  spacecraft.  Fortunately, 
however,  it  appears  that  some  of  the  advanced  capabilities  shown  in 
recent  research  programs  (ref.  l)  of  the  Lewis  Research  Center  can  be 
adapted  for  requirements  of  the  shuttle. 

The  objective  of  this  paper  is  to  present  a  discussion  of  Lewis 
Research  Center  studies  and  backgrounds  that  are  pointing  to  solutions 
of  potential  problems  in  the  shuttle.  The  present  discussion  will  be 
limited  to  airframe  bearings  and  hydraulic  system  seals  and  fluids  and 
supplements  reference  1. 


AIRFRAME  BEARINGS 

Previously  reported  information  (refs.  1  and  2)  showed  that  CaF^ 
lubricated  ball  bearings  have  been  run  with  meaningful  loads  (93,000  psi 
or  64,000  W/cm2  Hz)  and  unidirectional  motion  at  1200°  and  1500°  F 
(922  and  1089  k)  for  time  periods  greater  than  100  hours.  Airframe 
bearings  are  most  commonly  of  the  plain  spherical  configuration  as  shown 
in  figure  1  but  both  ball  bearings  and  concave  roller  bearings  have  areas 
of  application.  Because  weight  is  a  critical  factor,  airframe  bearings 
are  usually  designed  to  operate  at  high  stress  levels.  (See  ref.  5.) 

Most  commonly,  such  bearings  have  the  inner  surface  of  the  outer  race 
lined  with  0.00?-  to  0.008-inch  thick  (0.018-  to  0.020-cm)  reinforced 
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polytetrafluoroethylene  (PTFE)  fabi’lc.  The  temperature  limitations  of 
PTFE  will  prevent  its  use  on  the  shuttle.  Both  the  Concorde  and  the 
Boeing  SST  use  fahric-reinforced  PTFE  compositions  for  airframe  bearings. 

In  relatively  short  duration  supersonic  flights  of  the  Concorde ^  at  least 
one  of  the  PTFE  compositions  has  shown  prohibitive  deformation  and 
wear  as  a  result  of  vibration.  Thus^  it  is  important  to  provide  damping 
capacity  or  elasticity  that  can  minimize  fretting  and  impact  damage  by 
vibration. 

The  early  experience  reported  for  CaF^  (ref.  l)  lubricated  high- 
temperature  bearings  used  a  fused  thin  film  of  a  CaF^  plus  BaF^  eutectic 
on  ball-bearing  retainer  surfaces.  The  lubricant  transferred  to  other 
bearing  parts  to  provide  a  thin  lubricating  film.  The  bearing  performed 
well  at  the  conditions  discussed  previously;  but  it  is  important  to  note 
that  no  vibration^  oscillating  motion^  or  variable  loading  was  imposed. 

Greases  or  oils  provide  effective  damping  media  for  bearings  subject 
to  vibration.  Because  of  high  temperature  and  vacuum  exposure ^  the  use  of 
organic  lubricants  does  not  appear  to  be  feasible.  Thus^  solid  lubricating 
materials  with  resilience  or  damping  ability  are  of  greater  interest. 

Figure  2  shows  sliding  friction  data  over  a  range  of  temperatures  for 
the  CaF2-BaF2  eutectic  fused  film.  In  204-size  ball  bearings that 
film  gives  friction  torque  of  2  to  4  inch-ounces  (O.Ol42  to  0.0283  m-N) 
with  a  50-pound  (l33  N)  axial  load.  Additional  data  for  two  other 
materials  offering  improved  damping  are  also  presented.  The  sintered 
nickel -chromium  metal  composite  was  infiltrated  with  a  ceramic  oxidation 
inhibitor  (lIBS  a4i8  modified)  and  then  coated  with  a  CaF2-BaF2  eutectic 
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FRICTION  OF  SOLID  LUBRICATING  MATERIALS 
IN  AIR  AT  HIGH  TEMPERATURES 

NOTE:  5%  OXIDATION  LIMIT  FOR 
MECHANICAL  CARBONS 
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TEMPERATURE, 

Figure  2 


overlay.  This  composite  material  gave  similar  friction  performance  to 
the  fused  film  lubricated  surface.  The  composite  remains  somevhat 
porous  and  would  offer  improved  damping  capacity  as  well  as  extended 
life  compared  with  the  use  of  thin  solid  films. 

Mechanical  carbon-graphite  materials  have  been  very  useful  in 
both  primary  and  secondary  seals  of  aircraft  turbines  where  vibration 
instability  is  common.  The  best  of  oxidation-inhibited  commercial 
carbon  materials  have  friction  behavior  similar  to  that  in  figure  2. 

That  material  has  substantially  lower  friction  than  the  CaF^  lubricated 
surfaces.  Although  the  carbon  bodies  include  oxidation  inhibitors ,  they 
are  subject  to  rapid  oxidation  above  1200°  F  (922  K)  and,  in  fact,  the 
high  temperature  wear  mechanism  is  primarily  one  of  oxidation.  Mechanical 
carbons  are  considered  useful  to  the  limit  of  5-percent  oxidation  by 
weight.  A  shielded  bearing  configuration  to  restrict  dissipation  of 
the  gaseous  products  of  oxidation  can  greatly  reduce  the  oxidation 
problem  and  may  make  it  tolerable  in  view  of  the  short  times  at  extreme 
temperatures.  In  addition,  the  new  materials  made  under  MSA  contract 
MS  5-13^97  for  seals  have  one-tenth  the  oxidation  rate  of  commercial  mate¬ 
rials  at  1500^  F  (978  K).  (See  ref.  k.)  It  is  also  anticipated  that  carbon 
fiber  or  cloth- reinforced  bodies  such  as  those  developed  for  brakes  can  be 
useful  compositions. 


SEALS 

Dynamic  seals  for  the  vehicle  structure  are  mostly  associated  with 
the  hydraulic  system.  The  use  of  linear  and  rotating  seals  with  local 
extreme  temperatures  and  exposure  to  vacuum  must  be  anticipated. 
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Actuator  Seals 


A  significant  background  of  work  on  dynamic  seals  for  advanced 
aircraft  such  as  the  SST  has  led  to  the  use  of  materials  and  configu- 
rations  (e.g.  ^  PTZE  foot  seal)  for  actuator  seals  that  are  limited  to 
about  F  (478  K).  The  metallic  seals  used  in  the  B-70  had  high 
temperature  capability  and  "worked  under  laboratory  conditions  but  may 
be  inadequate  for  operational  use;  matched  surfaces  are  required  and 
tolerance  to  misalinement ^  wear^  and  contamination  are  questionable. 

A  more  appealing . approach  to  the  high- temperature  actuator  seal 
problem  is  the  use  of  advanced  polymers  such  as  polyimides  in  chevron 
configurations  vith  needed  sealing  force  provided  by  pressure  and  metal 
springs.  (See  fig.  3.)  Such  seals  have  been  successful  under  severe  duty 
cycles  to  500^  F  (555  K).  (See  ref.  5«)  Lubrication  studies  in  vacuxmi 
(ref.  6)  show  polyimides  to  have  excellent  self- lubricating  properties  and 
have  no  measurable  deterioration  in  vacuum  imtil  teirperatures  of  about  700^  F 
(644  K)  are  reached. 

Vacuum  exposure  is  the  primary  difference  between  experience  to 
date  with  the  actuator  seal  design  and  shuttle  requirements.  The  sealing 
mechanism  varies  with  change  in  state  from  the  viscous  liquid  continuum 
to  transition  (slip)  and  finally  molecular  flow.  Vaporization  of  residual 
liquid  adhering  on  actuator  rods  exposed  to  vacuum  can  accelerate  leakage. 
Thus,  vapor  pressure  and  surface  energies  of  the  fluid  are  important. 
Fortunately,  design  provisions  to  impede  molecular  flow  can  be  relatively 
simple.  The  Knudsen  number  A/L  which  controls  the  flow  regimes  can 
be  altered.  That  can  be  done  by  varying  a  characteristic  flow-field 
dimension  L  such  as  the  annular  clearance  and  length  of  the  leakage 
path.  The  main  free  path  A  which  varies  with  pressure  is  a  function 
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ACTUATOR  ROD  SEAL 


of  the  material.  The  geometries  of  the  houndaiy  surfaces  can  also  he 
important  to  the  molecular  collision  process  for  impeding  leakage  flov. 

An  experimental  measurement  of  weight  loss  for  the  ester  di  (2-ethyl- 
hexyl)  silicate  ( Oct oil  S)  from  a  simulated  hearing  cavity  including  a 
stationary  walled  housing  annulus  has  heen  reported  with  reference  to 
the  Helios  antenna  despin  mechanism  (ref.  7).  It  was  found  that  the 
oil  loss  rates  were  much  greater  than  those  calculated  hy  theory  for  free 
molecular  flow.  Further,  it  was  indicated  the  loss  rate  result  was 
greatly  influenced  hy  surface  migration  phenomena.  Surface  migration 
is  dependent  on  surface  energy  relationships  and  suggests  that  higher 
surface  tension  of  the  fluid  would  deter  loss.  Further  lower  vapor 
pressure  of  the  fluid  would  have  heen  advantageous  hoth  in  establishing 
a  less  critical  flow  regime  through  the  annulus  and  in  reducing  the  fluid 
vaporization  of  the  surface  migrated  fluid.  Factors  important  to  evapora- 
tion  loss  are  summarized  in  reference  8. 

The  design  considerations  to  restrict  molecular  leakage  to  vacuum 
are  shown  in  figure  3  to  he  rather  simple  changes  for  the  polyimide 
chevron  seal  assembly  that  continues  to  he  studied.  The  external  guide 
hushing  also  serves  a  sealing  function.  In  atmosphere  the  useful  tempera¬ 
ture  for  the  seal  material  can  he  from  -400^  to  600^  F  (35  to  589  K)  for 
extended  operation  and  higher  (e.g,,  900^  F  or  755  K)  for  short  periods. 

In  simulated  aircraft  flight  cycle  experiments  at  500°  F  (533  K)  sealing 
a  4000  psi  (2760  N/cm  )  silicone  fluid  from  atmosphere,  the  leakage 
rate  for  over  1000  hours  of  operation  was  <0.02  cc  per  hour  (ref.  5). 
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Rotating  Shaft  Seals 


Aircraft  hydraulic  motors  for  severe  service  are  usually  equipped  vith 
face-type  seals  as  shown  in  figure  k.  Laboratory  visual  studies  at  Lewis 
and  by  others  (ref.  9)  show*  that  sealed  fluid- film  vaporization  occurs  in 
the  sealing  interface  so  that  only  part  of  that  surface  is  wet  by  liq[uid 
and  the  leaJ^ge  is  vapor  with  various  liquids  reaching  their  characteristic 
boiling  points  at  the  interface.  The  boundary  between  the  liquid  and  vapor 
phases  is  stable  but  moves  with  changed  operating  conditions  (e.g.j,  speed 
or  pressirre).  The  presence  of  two  phases  and  the  liquid  at  its  boiling 
point  provides  a  sufficiently  high  pressure  regime  for  viscous  or  transi¬ 
tion  (slip)  flow  of  the  vapor.  The  relatively  rapid  leakage  through  the 
seal  to  vacuum  would  be  further  accelerated  by  surface  migration  and  sub¬ 
sequent  evaporation. 

Figure  5  shows  a  conventional  rotating  shaft  face  seal  assembly  as 
used  on  hydraulic  motors  in  aircraft  but  not  originally  intended  for 
exposure  to  vacuum.  This  type  of  seal  would  have  the  two -phase  interface 
film  described  in  both  atmosphere  and  vacuum.  An  improved  seal  design 
for  vacuum  is  suggested  in  figure  6,  This  design  utilizes  a  spiral 
groove  radially  outward  pumping  face  seal  with  interface  liquid  feed  to 
remove  heat  generated  in  shear  of  the  thin  (lOO  to  200  microinch  or 
2.5  to  5.1  y{/m)  film.  Further,  a  helical  groove  molecular  flow  vapor 
seal  with  low  surface  energy  barrier  films  is  provided  to  contain  leakage 
past  the  spiral  groove  liquid  seal.  The  barrier  film  should  not  be  wet 
by  the  sealed  liquid. 
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Figure  4 


SPIRAL  PUMPING 
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ROTATING  SHAFT  SEAL  TO  VACUUM 


These  sealing  concepts  to  vacuum  have  been  explored  in  studies  for 
space  power-generating  systems.  The  spiral  groove  concept  was  used  to 
provide  a  no- leakage  seal  for  liquid  sodium  and  oil  (ref.  10)  and  has  been 
incorporated  in  recent  experimental  mainshaft  seals  for  aircraft.  Studies 
of  a  rotating  helical  molecular  flow  seal  combined  with  a  visco  seal  for 
organic  fluids  (4P3E  polyphenyl  ether)  at  modest  pressures  gave  leakage 
rates  to  vacuum  (lO"'  torr)  of  0.7  to  2.6  kilograms  in  10  000  hours  (ref. 
ll) .  That  seal  also  had  low- surface- energy  films  of  PTFE  in  the  molecular 
flow  section  to  eliminate  liquid  migration.  Several  of  these  concepts 
were  combined  to  provide  the  suggested  advanced  space  power  system  seal 
reported  in  reference  12.  Consideration  of  the  design  requirements  for 
the  space  shuttle  suggested  that  the  seal  concepts  of  figure  6(b)  should  be 
applicable  to  hydraulic  motors  capable  of  operating  in  air  or  vacuum. 

HYDRAULIC  FLUIDS 

The  preceding  discussion  has  mentioned  several  properties  of  fluids 
that  can  reduce  the  seal  problems  of  hydraulic  systems  that  must  operate 
in  vacuum  as  well  as  in  air.  In  particular,  surface  tension  should  be 
high  and  vapor  pressure  low  for  the  liquid.  Figure  7  is  a  table  showing 
those  and  several  additional  properties  (important  to  hydraulic  systems) 
for  four  fluids.  The  fluids  identified  as  MIL-H-5606  (petroleum)  and 
I^-V  (dlsiloxane)  are  considered  as  phase  B  fluids  by  present  shuttle 
contractors.  The  so-called  SST  ester  is  the  advanced  polyol  ester  fluid 
currently  planned  for  the  Boeing  supersonic  transport.  Also  listed  is  a 
C -ether  (modified  polyphenyl  ether)  that  we  are  currently  working  with 
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PROPERTIES  OF  POTENTIAL  HYDRAULIC  FLUIDS 
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to  improve  its  already  substantial  credentials  as  a  hydraulic  fluid  and 
air-breathing  engine  lubricant  for  the  space  shuttle.  The  only  inadequacy 
of  C -ethers  shown  by  this  tabulation  is  that  of  pour  pointy  pour  point 
requirements  for  the  shuttle  are  not  clear. 

Figure  8  shows  that  the  pour  point  can  be  substantially  reduced 
by  utilizing  the  lower  molecular  weight  less  viscous  polymers  of  the 
same  chemical  structure.  As  shown 3  the  primary  penalty  of  using  the 
less  viscous  polymer  is  that  of  increased  vapor  pressure.  Even  the  least 
viscous  fluid  has  vapor  pressure  no  greater  than  the  present  shuttle 
hydraulic  fluid  candidates.  There  is  technology  for  achieving  reduced 
pour  points  including  Tflending  varied  isomers 3  changing  molecular  weight 
distributions  and  additive  effects.  Such  approaches  have  not  yet  been 
fully  explored.  Also,  as  already  practiced  for  both  high-  and  low- 
temperature  systems,  a  constantly  circulating  fluid  system  can  avoid  thermal 
problems  of  the  operating  environment,  A  clear  definition  of  the  low- 
temperature  requirements  on  the  shuttle  hydraulic  system  is,  however, 
needed. 

Figure  9  indicates  the  effects  of  temperature  on  vapor  pressure  for  the 
original  fluids  described.  Also,  the  high  temperature  terminal  point  for 
these  curves  is  the  limit  of  thermal  stability  shown  by  isoteniscope  data. 

The  C-ether  offers  substantial  improvement  over  the  other  fluids  in  figure  9. 

One  of  the  more  critical  uses  of  hydraulics  for  the  shuttle  will  be 
the  flight- control  system.  The  physical  size  of  the  system,  its  response 
characteristics  and  stability  are  directly  dependent  on  the  bulk  modulus 
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PROPERTIES  OF  SEVERAL  C-ETHERS 
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TEMPERATURE, 


(compressibility)  of  the  hydraulic  fluid.  Actuation  system  response  is 
especially  critical  for  supersonic  flight  and  for  large  systems.  Figure 
10  shovs  the  isothermal  secant  bulk  modulus  data  given  at  4000  psi 

O' 

(2760  w/cm  )  as  a  function  of  temperature  for  the  fluids  previously 
described.  Included  on  this  figure  is  the  requirement  for  the  SST 
(converted  from  adiabatic  values)  that  has  been  very  carefully  developed 
by  Boeing.  While  no  similar  criterion  has  been  suggested  for  the  shuttle, 
the  requirements  are  not  likely  to  be  less  stringent  than  for  the  SST; 
both  5606  and  M2-V  may  be  Inadequate.  The  high  bulk  modulus  that  is 
characteristic  of  aromatic  compounds  makes  the  C-ethers  very  attractive 
for  the  shuttle  hydraulic  system. 

The  C-ethers  are  not  a  new  class  of  fluids  but  have  been  subject 
to  both  cursory  and  detailed  investigation  by  several  organizations. 

Initial  concern  was  for  their  lubricating  ability^  since  this  is  an  apparent 
inadequacy  of  conventional  polyphenyl  ethers.  The  C-ethers  and  polyphenyl 
ethers  are  closely  related.  Modest  changes  in  chemistry  have,  however, 
given  the  C-ethers  some  improved  lubricating  ability  and  low— temps^S'^^tre 
fluidity  at  the  expense  of  a  reduction  in  thermal  stability.  Reference  13 
is  a  synopsis  of  much  of  the  early  data  obtained  by  the  manufacturer. 

The  world' s  major  engine  builders  including  Pratt  and  Whitney  Aircraft 
(ref.  1^),  General  Electric  Company,  Rolls  Royce  Limited  (ref.  15)  and 
SNECMA*  have  performed  limited  work  with  C-ethers  and  the  problems 
observed  can  most  likely  be  resolved.  Certainly,  an  engine  can  be 
designed  to  run  well  with  this  fluid. 

*Sbciete  Nationale  d' Etude  Engine  et  de  Construction  de  Moteurs 
d' Aviation 
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BULK  MODULUS  OF  HYDRAULIC  FLUIDS 
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TEMPERATURE, 


Refer6nc6  l4  suggests  that  the  C-ethers  117111  provide  at  least  as 
good  bearing  life  as  the  best  advanced  esters .  It  is  significant  that  the 
bearing  life  comparison  testing  vas  done  with  the  C -ether  lubricant  at 
50°  F  (28  K)  higher  temperature  than  the  esters.  The  higher  temperature 
would  result  in  the  C-ether  functioning  at  much  lower  viscosity  levels 
than  the  esters  at  the  respective  test  conditions  and  makes  the  favorable 
bearing  life  data  especially  noteworthy.  Reference  16  also  indicates 
that  the  thin  film  (boundary)  lubrication  performance  of  the  C-ethers  does 
not  deteriorate  with  higher  temperatures  as  is  usually  found  for  organic 
lubricants.  It  is  suggested  that  a  very  thin  film  of  a  high  molecular 
weight  analog  of  the  C-ether  fluid  (e.g.,  friction  polymer)  forms  on  the 
wetted  metal  surfaces  of  the  lubricated  parts .  The  presence  of  similarly 
developed  films  has  been  identified  for  other  fluids  by  several  investl- 
gators . 

The  C-ether  fluid  has  been  used  for  several  full-scale  engine  tests 
as  well  as  in  numerous  hench  studies^  hearing  tests^  and  hydraulic  pump 
systems.  Except  for  the  bearing  endurance  runs  of  reference  l4,  the 
experience  has  been  of  short  duration.  Apparent  lubrication  failures 
have  occurred  that  had  a  common  pattern. 

Following  successful  short-time  full-scale  engine  operation,  Pratt 
and  Whitney  Aircraft  twice  found  wear  and  scoring  in  aluminum  bearings 
run  with  a  steel  shaft  of  a  gear- type  lubricant  scavenge  pump.  An 
example  of  such  failure  as  duplicated  in  laboratory  tests  is  shown  in 
figure  11.  In  an  earlier  engine  run,  no  problem  had  been  encountered 
and  it  was  found  the  gear  box  scavenge  pump  was  a  different  model  with 
lower  bearing  loads  and  more  massive  housings. 
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Vane  pump  operation  vith  M-50  steel  vanes  and  housings  (ref.  I7) 
gave  higher  wear  with  the  C -ether  and  conventional  polyphenyl  ethers 
than  with  mineral  oils.  Piston-pump  operation  of  the  C-ether  in  a  simple 
hydraulic  loop  (ref.  16)  resulted  in  surface  smearing  of  the  S-Monel 
thrust  bearings  on  the  M-2  tool  steel  swash  plate.  Experience  with  both 
25-inm  and  125-imrL  ball  bearings  under  severe  temperature  conditions 
(refs.  18  and  19)  indicated  inadequacies.  These  varied  experiences  of 
unsatisfactory  operation  had  a  common  pattern:  (l)  There  were  frequently 
problems  in  achieving  temperature  stability  for  bearing  parts  during 
operation  and  (2)  Following  operation 3  the  surfaces  showed  wear  and 
smearing  of  the  surface  metal. 

Lubricants  for  most  mechanisms  must  serve  the  dual  role  of  acting 
as  both  a  lubricant  and  a  coolant.  Enough  of  the  early  data  showed 
C -ethers  to  be  good  lubricants  under  a  variety  of  conditions  that  it  was 
clear  the  coolant  function  of  the  fluid  needed  consideration  in  evaluating 
the  failures  that  had  occurred. 

Examination  of  pump  and  bearing  parts  from  the  varied  experimental 
operations  described  showed  a  significant  common  characteristic.  The 
test  fluid  would  not  spread  (wet)  on  the  surfaces  of  the  used  parts.  If 
it  is  assumed  that  these  surfaces  have  a  film  of  a  high  molecular  weight 
analog  of  the  base  fluid,  the  lack  of  wetting  can  be  explained.  Aromatic 
compounds  show  a  decrease  in  surface  tension *with  increased  molecular 
weight  (ref.  20).  Consequently,  the  higher  surface  tension  liquid  is 
unable  to  spread  on  the  lower  surface  tension  film  covering  the  metal 
part.  The  vapor  phase  occupies  much  of  the  volume  in  the  lubricant 
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immediately  following  concentrated  contacts  like  a  ball  on  a  bearing  race. 
When  the  vapor  phase  is  a  substantial  part  of  the  volume,  good  wetting 

I 

of  the  lubricajnt  is  needed  to  provide  a  continuous  coolant  film.  If 
vetting  is  inadequate,  cooling  may  he  ineffective  and  there  is  potential 
for  temperatur^  increases  and  instability. 

Based  on  t^ie  premise  that  inadequate  cooling  by  the  C-ether  vas  the 

;  I 

reason  for  the  peveral  apparent  lubrication  failures,  formulation  to 

I 

improve  vettingjvas  recommended  to  the  fluid  manufacturer.  The  concepts 
of  referaice  20  vere  suggested  for  guidance.  A  formulation  vas  made 
available  for  evaluation  that  had  improved  vetting.  It  is  also  likely, 
hovever,  that  the  fractional  percentage  of  additive  could  have  other 
surface  chemical  effects  in  addition  to  improved  vetting. 

The  results  from  this  modest  formulation  effort  by  the  fluid  manu¬ 
facturer  vere  very  encouraging.  The  formulation  completed  a  100- hour 
run  vith  tvo  of  six  25-™  ball  bearings  operating  at  600®  F  (589  K)  and 
44  000  rpm  (ref.  21 )  and  the  other  four  bearings  vere  run  at  least  40 
hours.  Earlier  operation  of  the  C-ether  base  fluid  resulted  in  failures 
in  a  fev  minutesj.  The  formulation  also  provided  satisfactory  performance 
in  bench  tests  o[f  the  engine  gear  box  scavenge  pump  described  earlier. 
Figure  12  is  a  photograph  of  the  originally  described  pump  housing  vith 
a  distressed  beaming  and  a  similar  housing  of  a  pump  shoving  appearance 

i  . 

after  operation  vith  the  C-ether  containing  additives  that  improve  vetting. 

1 

The  bearing  surfaces  of  the  second  housing  shov  no  distress. 

Another  observation  for  the  C-ethers,  but  more  common  to  conventional 
polyphenyl  ethers,  is  the  formation  of  sludge  that  can  plug  fine  filters. 
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SCAVENGE  PUMP  HOUSINGS  FROM  JT3D-3B  ENGINES 
AFTER  RUNS  WITH  C-ETHER 

CHROME  ANODIZED  ALUMINUM  JOURNALS 


Figure  12 


Such  deposits  have  heen  shown  to  contain  high  metallic  content  and  are 
most  likely  from  wear  debris  that  is  not  expected  with  the  formulated 
C-ethers. 

The  C-ethers  have  promise  as  hydraulic  fluids  (and  air-breathing 
engine  lubricants)  for  the  shuttle  vehicle.  Initial  results  in 
compensating  for  deficiencies  have  been  successful.  A  contract  program 
of  further  formulation  and  evaluation  studies  with  Monsanto  is  proceeding. 

CONCLUDING  REMARKS 

Lubrication  programs  at  the  Lewis  Research  Center  and  by  contractors 
for  aeronautics  and  space-power  systems  provide  design  information 
3-Pplicable  to  the  shuttle.  Allowing  such  lubricated  components  as 
airframe  bearings  and  hydraulic  devices  to  operate  at  increased  tempera¬ 
ture  levels  and  with  capability  for  direct  exposure  to  vacuum  can  signif¬ 
icantly  reduce  thermal  protection  problems. 

C-ethers  are  important  candidates  to  replace  presently  proposed 
hydraulic  fluids  and  allow  higher  temperature  operation.  Greater'  thermal 
stability^  bulk  modulus ,  surface  tension  and  fire  resistance  as  well  as 
reduced  vapor  pressure  are  real  advantages.  Low- temperature  fluidity 
and  questionable  lubricant -coolant  performance  are  problem  areas  for 
which  reasonable  solutions  are  anticipated  from  present  programs. 

Hydraulic  system  seal  designs  for  linear  and  rotating  actuators  with 
capability  for  the  vacuum  problem  are  suggested  but  remain  to  be  evaluated. 
Surface-tension  and  vapor-pressure  properties  of  the  hydraulic  fluid  are 
important  to  the  sealing  problem. 


Airframe  bearings  lubricated  vith  CaF^  base  eutectic  solid  materials 
in  metal  composites  should  be  effective  to  >1600^^  F  (ll44  k).  Oxidation 
inhibited  mechanical  carbons  may  have  promise  of  lover  friction.  Metal 
composites  and  mechanical  carbons  have  damping  ability  considered  to  be 
advantageous  for  vibration  problems  of  high-speed  flight. 
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